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Introduction 21
Foods such as honey, milk, and yogurt are solutions and colloidal dispersions containing 22 carbohydrates, fat, sugars, proteins, minerals, and other minor components in water. 23 Knowledge of physical properties is required for accurate design and simulation of processes 24 and in this study electrical conductivity is the main property of interest, especially in the way 25 it is affected by viscosity. 26 27 Sharifi & Young (2012 , 2013 ) measured the conductivity of milk solutions with up to 47% 28 solids and used the results for electrical tomography. They used multiple linear regression to 29 relate the solids content and temperature to electrical conductivity, but they did not consider 30 the effect of viscosity directly. St-Gelais et al. (1995) measured conductivity and viscosity of 31 milk solutions as the pH was reduced in an attempt to monitor gelation. While their data show 32 that both conductivity and viscosity changed, the variables appeared to be independent of each 33 other. When the pH changed rapidly from 5.6 to 5.0, the viscosity increased about 100 times, 34 while the conductivity only doubled. Henningsson et al. (2005) stated that proteins and lactose 35 affected electrical conductivity of milk via viscosity, and that the charged proteins contributed 36 to only 0.5% of conductivity by carrying charge. They suggested that the effect of proteins on 37 viscosity and hence on conductivity was important. 38 39
In liquid foods, with the exception of a few such as soy sauce and fish sauce, the concentration 40 of electrolytes is relatively low. For example concentrated skim milk with 50% solids content 41 will contain only about 5% salts and organic acids only some of which are present as 42 dissociated ions (Walstra, Wouter & Geurts, 2006) , and honey has at most 2% ash and free 43 acids (White et al. 1962 ). Tomato ketchup which contains cellulose and starches has a 44 maximum of about 5% NaCl, KCl and acids (Sharoba et al., 2005 
where is molar concentration of ion i, and is the ionic conductivity which in turn can be 75 defined in terms of Faraday's number, F, ion charge, zi, and ion mobility, ui. 76
Ion mobility can be related to diffusion and hence to viscosity, using the Walden equation. 77
Here 0 is the charge of an electron and is the Stokes' radius. 78 79
For saccharide + electrolyte systems it has been found that as the viscosity increases ∝ 1/ 80 where α is a constant that has been determined to be in the range 0.64 to 0.78 for various sugars. 
where Λ and Λ 0 are the molar conductivity of the solute at concentration C and at infinite 88 dilution respectively, and K is a constant. Using this as a basis, and with data from Chambers, 89 Stokes and Stokes (1956) 
Combining various equations in a more general form for a vector of concentrations in a mixed 101 solution, , we can explicitly separate the effect of viscosity from the effect of increased ion 102 concentration using the form: 103
It is proposed to use data from dilute binary solutions with similar ion concentrations as in the 104 liquid foods, but with low, known viscosities to obtain estimates of ( ) for each of the 105 components in a solution and combine these using an equation of the form of (8). In food 106 systems the exact composition is often unknown so it is intended obtain an effective 107 concentration of all salts lumped together as single equivalent salt such as NaCl. 108 109 It is known that the inverse relationship with viscosity in Equation (3) will fail when solutions 110 are no longer dilute, but rather than use the modified Walden equation (4), it is proposed that 111 an effective viscosity be determined. This will be the viscosity experienced by conducting ions 112 as they diffuse under the influence of the electric field. In this work it is termed the "diffusion 113 viscosity", , which can be estimated from the known ion concentrations and the measured 114 conductivity. 115
116
The bulk viscosities, η, of binary solutions of glucose, fructose and sucrose were required to 117 calculate conductivities using the modified Walden equation (4). Data were obtained from 118 Weast (1977) and equations were fitted in the form of Equation (11) recommended by Morison 119 and Hartel (2007) to obtain constants. 120
Here T is the temperature, w is mass fraction, and are temperature dependent constants for 121 a binary solution, subscript i refers to a single component i and subscript w refers to water. 122 Table 1 gives a set of coefficients for this equation. 123 124 Table 1 . Temperature (°C) dependent coefficients for viscosity using Equation ( Skimmed milk solids purchased from a local supermarket (Alpine brand, 55% lactose, 33% 129 protein, 1% fat, 7% minerals, 4% water) was used to prepare milk solutions. A stick 130 homogenizer was used to disperse the milk solids in Milli-Q water in the preparation of milk 131 solutions. The solutions were held at 45 °C for 40 minutes to enable hydration. Binary solutions 132 of glucose, fructose and sucrose were prepared from food grade sugars. Sodium carboxymethyl 133 cellulose (NaCMC) (Walocel C, DOW) solutions were prepared at concentrations up to 1% by 134 mass of NaCMC powder (wet basis). The powder was dried at 105 °C and found to contain 135 8.5% water. In addition various concentrations of KCl, NaCl and sucrose were added. Solutions 136 of whey protein isolate (WPI) (Balance Sports Nutrition, New Zealand), with and without 137 lactose and NaCl were also prepared. Weighing was achieved with an accuracy better than 1 138 mg in 100 g of solution. The set of solutions tested is given in Table 2 . The preparation and 139 conductivity of NaCMC solutions was repeated two months after the first set. 140 141 The relationship between conductivity and viscosity with concentration for four different 172 liquids is shown in Figure 1 . In each case the viscosity increases significantly but its effect on 173 conductivity is variable. The conductivity of the NaCMC solution ( Figure 1a ) is linearly related 174 to concentration and is only slightly affected by the increasing viscosity. The conductivity 175 increases due to the sodium counter-ions and also the residual NaCl normally present in 176 NaCMC. The long NaCMC molecules form a tangled network which increases the bulk 177 viscosity, but within which ions can freely move. The molecular mass of the NaCMC was 178 unknown but it typically about 10 5 g/mol. 179 180
At the other extreme is sucrose (Figure 1d ) (and other sugars) which show a marked decline in 181 conductivity as the viscosity rises. This has been well studied as stated in the Introduction. 
209
If the modified Walden Equation (4) is applied to NaCMC, a best fit is obtained using = 210 0.03, which effectively shows the insignificant contribution of bulk viscosity. It was concluded 211 that Equation (4) is not suitable for NaCMC. Likewise it did not work for WPI and milk 212 solutions. 213 214
As an alternative approach the "diffusion viscosity" was calculated using Equation (10). First, 215 using NaCMC + KCl as an example, the equivalent concentration of NaCl in NaCMC was 216 fitted. The conductivity of the equivalent solution of NaCl, as plotted in Figure 2 , was fitted 217 using quadratic equations to have the same slope of conductivity as the NaCMC at zero 218 concentrations (where there was negligible viscosity effect). This yielded an equivalent 219 concentration of NaCl of 10.9% dry basis in NaCMC powder. The solution of 0.6% NaCMC 220 + 0.01% KCl was then considered to be equivalent to a solution of 0.006 × 0.109 = 0.000672 221 mass fraction of NaCl + 0.0001 mass fraction of KCl. The conductivity of a mixture of NaCl 222 and KCl at these concentrations was calculated from Equations (6) to (8) to be 1189 µS cm through NaCMC solutions, with and without salts, seems only slightly affected by mass 246 fraction even though, as seen in Figure 1a , the bulk viscosity increases significantly. Here the 247 mass fractions are very low because higher concentrations are difficult to achieve. The 248 diffusion viscosities for WPI and skim milk are higher than for sucrose at similar 249 concentrations, showing greater resistance to ion flow. This is contrary to expectations as 250 WPI and milk solutions have a lower bulk viscosity than sucrose at the same concentration. It 251 is likely that there is significant interaction between ions and the protein which will have a 252 negative charge in water. The different sugars show similar behaviour to each other. 
260
The ratio of the diffusion viscosity to the bulk viscosity was calculated and is shown in Figure  261 5. These graphs clearly show that the bulk viscosity is not a good measure of the viscosity 262 experienced by conducting ions as the ratio is significantly less than 1. The results presented so far do not lead to a general prediction equation for electrical 276 conductivity. The modified Walden's rule can be applied to sugar solutions, but the effect of 277 bulk viscosity can probably be ignored in solutions of long chain polymers such as NaCMC. 278
The conductivities of other solutions containing large molecules could not be predicted a 279 priori. 280 281
For a specific type of liquid it is recommended that the conductivity be related to the diffusion 282 viscosity so that empirical relationships for prediction of conductivity can be determined. When the solids content was low (<10%), the diffusion viscosity was not much greater than 291 that of water, even though the bulk viscosity could be high. Hence the conductivity was mostly 292 dependent on the ion concentration in solution. 293 294
Conclusions 295
The application of the modified Walden equation to liquid foods other than sugars was 296 unsuccessful. Experimental results showed that, in general, electrical conductivity was not well 297 correlated with bulk viscosity. Conducting ions were able to pass through viscous NaCMC 298 solutions with little extra resistance. It seems likely that electrical conductivities will be 299 unaffected by the bulk viscosity when the viscosity is high because of entanglement of long 300 polymer chains. 301 302
In liquids such as concentrated sugar solutions and honey, in which the viscosity is dominated 303 by small molecules, the electrical conductivity is strongly affected by viscosity. However as 304 already found by many researchers, conductivity of many viscous solutions is not directly 305 related to the inverse of the bulk viscosity. 306 307
Instead it was found that a diffusion viscosity could be determined from conductivity data. This 308 showed the resistance to ion movement and gave greater insight into the effects of composition 309 on conductivity. 310 311
In milk and whey protein solutions there is some evidence of interaction between ions and the 312 charged proteins which slows the movement of ions and this results in a higher than expected 313 diffusion viscosity. 
